The complete basis set methods CBS-4, CBS-QB3, and CBS-APNO, and the Gaussian methods G2 and G3 were used to calculate the gas phase energy differences between six different carboxylic acids and their respective anions. Two different continuum methods, SM5.42R and CPCM, were used to calculate the free energy differences of solvation for the acids and their anions. Relative pK a values were calculated for each acid using one of the acids as a reference point. The CBS-QB3 and CBS-APNO gas phase calculations, combined with the CPCM/HF/6-31ϩG(d)//HF/6-31G(d) or CPCM/HF/6-31ϩG(d)//HF/6-31ϩG(d) continuum solvation calculations on the lowest energy gas phase conformer, and with the conformationally averaged values, give results accurate to 1 2 pK a unit.
I. INTRODUCTION
The pK a value of a molecule determines the amount of protonated and nonprotonated forms at a specific pH. The Henderson-Hasselbach equation, shown below, allows such determinations:
pHϭpK a ϩlog͓͑unprotonated form͒/͑protonated form͔͒.
The ability to accurately calculate pK a s would be extremely useful. An example from our own work concerns the protonation state of cocaine and cocaine-like molecules. The cocaine molecule exists in both protonated and nonprotonated forms. Cocaine passes through the blood brain barrier and binds to receptors in the brain. Passage through the membranes and binding can be dependent on charge, so knowing the percentage of cocaine molecules in the protonated and nonprotonated forms is helpful in making predictions about binding and transport. The pK a value of cocaine is known, but the pK a values of molecules similar to cocaine are not. Since the ultimate goal of our research is to design molecules that resemble the transition state of cocaine ͑tran-sition state analogues͒, 1,2 it would be helpful to have a method of calculating the pK a values of such molecules.
It is possible in principle to calculate pK a values using quantum mechanics. Gas phase free energy and solvation free energy values can be calculated, and these results can then be used to determine pK a s. The following thermodynamic cycle illustrates the deprotonation of a carboxylic acid ͑given by AH͒ in the gas and aqueous phases: From this equation, pK a values can be calculated in two ways: absolutely and relatively. In absolute pK a calculations, all G gas values and all ⌬G sol values must be calculated. This leads to the difficulty of the nature of H ϩ ͑aq͒, which probably is not a bare proton solvated by water. We leave a discussion of the true nature of H ϩ ͑aq͒ and absolute pK a calculations to a future paper.
For relative pK a calculations, where we have two carboxylic acids ͑given by AH and BH͒, the following equation was used: pK a ͑BH͒ϭpK a ͑AH͒ϩ⌬pK a , ͑5͒
where pK a ͑BH͒ is the pK a of the unknown acid, pK a ͑AH͒ is the pK a of the known acid, and ⌬pK a is the difference in pK a of the two acids. Since pK a ϭ⌬G aq /2.303RT, Eq. ͑3͒, ⌬pK a ϭ⌬⌬G aq /2.303RT, ͑6͒
where ⌬⌬G aq ϭ⌬G aq ͑BH)Ϫ⌬G aq ͑AH).
Using Eq. ͑2͒ twice, a͒ Author to whom correspondence should be addressed; electronic mail: gshields@hamilton.edu ⌬G aq ͑AH)ϭG gas ͑A Ϫ )ϩG gas ͑H ϩ )ϪG gas ͑AH) Thus, for relative pK a calculations, the following equation was used:
pK a ͑BH͒ϭpK a ͑AH)ϩ͕G gas ͑B Ϫ ͒ϪG gas ͑A Ϫ )ϪG gas ͑BH)
Ϫ⌬G sol ͑BH)ϩ⌬G sol ͑AH)͖/2.303RT. ͑8͒
In relative pK a calculations, the values for G gas ͑H ϩ ) and ⌬G sol ͑H ϩ ) cancel out, so any inaccuracies in calculated or literature values used for these species are irrelevant. Equation ͑8͒ does not take into account conformational averaging, and Eq. ͑9͒ is the correct equation to use to account for conformational averaging of the aqueous free energies of AH and BH, pK a ͑BH͒ϭpK a ͑AH)ϩ͕G gas ͑B Ϫ ͒ϪG gas ͑A Ϫ )ϪG gas ͑BH)
where ͗⌬G sol ͑BH)͘ and ͗⌬G sol ͑AH)͘ are the averaged ⌬G sol values for the different conformers of AH and BH.
II. METHODS
In order to find the best method of calculating relative pK a values, we started with six simple carboxylic acids that ranged in size from 24 to 68 electrons. 3 We performed calculations on formic acid, acetic acid, cyanoacetic acid, chloroacetic acid, oxalic acid, and pivalic acid. All calculations were performed on Origin 200 SGI servers equipped with 1-2 GB of memory and 36 GB of scratch disk space using GAUSSIAN The complete basis set methods [7] [8] [9] [13] [14] [15] [16] [17] were developed by Petersson and co-workers as a model chemistry that makes use of a complete basis set ͑CBS͒ extrapolation of the correlation energy based on the asymptotic convergence of pair natural orbital expansions. [13] [14] [15] [16] [17] Since the major source of error in most ab initio calculations of molecular energies is the truncation of the one-electron basis set a CBS model chemistry is defined to include corrections for basis set truncation errors. The accurate calculation of molecular structure and energies requires convergence in the expansion of the basis set and in the degree of correlation. Increases in the size of the basis set and in the degree of correlation raise the computational cost significantly. On the contrary, the main contribution to structure and energy comes from the HF level, with smaller ͑but critical͒ corrections to both structure and energy from correlation. CBS methods take advantage of the idea that at higher and higher levels of correlation, the contribution of the correction to the total energy can be determined to less accuracy than at lower levels of theory. Thus these methods use relatively large basis sets for the structure calculation, medium sized basis sets for the second order correlation correction, and small sized basis sets for higher order correlation corrections. Empirical corrections are also added as necessary. 7 Pople and co-workers [10] [11] [12] [18] [19] [20] [21] have developed the Gaussian methods ͑G1, G2, G3, and MP2 variants͒. Gaussian and CBS methods are similar model chemistries. In the G2 model an initial geometry is calculated at the HF/6-31G(d) level and then harmonic frequencies are calculated and scaled by 0.8929 to give the zero-point energy. The geometry is then refined at the MP2͑full͒/6-31G(d) level, and then this geometry is used for a series of single-point calculations ͑SPCs͒ at the MP2/6-311G(d, p), MP4/ 6-311G(d,p), QCISD/6-311G(d,p), MP2/6-311ϩG(d,p), MP4/6-311ϩG(d,p), and MP2/6-311ϩG(3d f ,2p) levels. These values are then used, along with empirical corrections, to arrive at a final G2 energy. The G3 model chemistry is similar, with the geometries the same as in the G2 method, but with smaller basis sets being used for most of the SPCs except for the last calculation, where the MP2/ 6-311ϩG(3d f ,2p) is replaced by a MP2/G3 large calculation. The G3 large basis set has been modified to include more polarization functions for the second row, less on the first row, and other changes. 10 The G2, G3, CBS-QB3, and CBS-APNO model chemistries are state-of-the-art models for accurate thermochemistry. 8, 10, 22, 23 The final geometries from the different model chemistries were analyzed using Spartan. All bond lengths, angles, and dihedrals were measured and compared to make certain that improbable geometries were not obtained during the geometry optimizations. The frequency output verified that all structures were stationary points and true minima at their respective levels of calculation. Higher energy conformers were also computed for five of the acids using each method.
Using the various different gas phase geometries, we computed ⌬G sol using GAMESOL, 6 SM5.42R, 24, 25 and GAUSSIAN 4 conductor polarizable continuum model ͑CPCM͒ 26 calculations. The SM5.42R calculations combine a self-consistent reaction field ͑SCRF͒ calculation based on the generalized Born approximation and Charge Model 2 ͑CM2͒ charges with a first solvation shell calculation based on the exposed van der Waals surface area of each atom and a set of geometry-dependent atomic surface tensions. 6, 24, 25 SM5.42R calculations were run on the HF/6-31G* and HF/6-31ϩG* geometries, using SCRF scheme II and the HF/6-31G* and HF/6-31ϩG* parameter sets for CM2. The CPCM implemented by Barone and Cossi 26 is based on the polarized continuum model ͑PCM͒ of Tomasi and co-workers. [27] [28] [29] [30] [31] [32] [33] In the Barone and Cossi implementation of this method the cavities are modeled on the molecular shape, using optimized parameters, and both electrostatic and nonelectrostatic contributions to the energies are included. The solute molecules are embedded in cavities using interlocking spheres, and the surface is smoothed. The cavity surface is divided into small domains, known as tesserae, by projecting onto the surface the faces of suitable polyhedra. The total free energy is the sum of the free energies obtained for electrostatic interactions, formation of the cavity in the continuum medium, dispersion interactions, and repulsion interactions. The dispersion and repulsion terms are calculated following the procedure pioneered by Floris and Tomasi 34, 35 so that the nonelectrostatic terms in the Barone and Cossi CPCM method are exactly the same as for the PCM method [27] [28] [29] [30] [31] [32] [33] provided that equal sized cavities are used in each case. The CPCM calculations were initially performed as SPCs with the same basis set as used in the final geometry optimization of the model chemistry. We also performed CPCM calculations using the HF/6-31G(d), HF/6-31ϩG(d), and B3LYP/CBSB7 basis sets with the HF/6-31G(d), HF/6-31ϩG(d), and gas phase CBS-APNO and CBS-QB3 geometries for each of the six systems. In all of the CPCM calculations the surface of each sphere was subdivided into 240 triangular tesserae, and the area of the tesserae was set at 0.3 Å 2 .
Using different combinations of G gas and ⌬G sol values of unknown and reference acids from the gas phase and free energy of solvation calculations, and experimental pK a values of reference acids ͑AHs͒, we computed relative pK a values for each of the six acids using Eq. ͑8͒. In addition, we took the conformational average of the aqueous free energies of the acids, 36 and computed the relative pK a values for each of the six acids using Eq. ͑9͒.
III. RESULTS
Results of the calculations are displayed in Tables I-XI. Figure 1 displays the structures and the experimental pK a values of the acids as well as the conformers that were utilized in the calculations. Table I lists the gas phase free energy values for the conformers of formic acid, acetic acid, cyanoacetic acid, chloroacetic acid, oxalic acid, pivalic acid, and their respective anions using the six model chemistries. Table II lists the solvation free energy values for each species using the Gaussian CPCM and GAMESOL SM5.42R methods. Tables III-VIII contain the relative pK a values for five of the carboxylic acids, using the sixth carboxylic acid's pK a value as a reference point. Table III contains the values using the low energy gas phase conformer ͑IIIa͒, the high energy gas phase conformer ͑IIIb͒, and the conformationally averaged values ͑IIIc͒. Tables IV-VIII contain only the results for the conformational averages. Tables IV͑a͒,͑b͒ VIII͑a͒,͑b͒ are available as supplementary information. 37 Table IX contains an analysis of the accuracy of the gas TABLE I. Gibbs free energies ͑in Hartrees͒ for six carboxylic acids and their anions using complete basis set and Gaussian-n solvation models.
Method
Gas phase lower energy conformers Gas phase higher energy conformers phase calculations in relation to experimental data. Tables X and XI contain an analysis of the accuracy of the continuum solvation calculations. Table X contains the values considered without conformational averaging, and Table XI displays the averaged values for each solvation method when the CBS-QB3 method is used for the gas phase part of the conformational averaging.
IV. DISCUSSION
Accurate calculation of pK a values is an exceedingly difficult problem. An error of just 1.36 kcal/mol in ⌬G aq results in an error of 1 pK a unit. Reducing the error to half a pK a unit means keeping ⌬G aq accurate to 0.68 kcal/mol. Many researchers have tackled the problem of combining gas phase quantum chemistry techniques with solvation calculations to predict relative and absolute pK a . While correlations can be made between ⌬G and pK a , 40, 43, 45, 47 the problem of predicting pK a from first principles using quantum chemistry is a daunting endeavor. The errors in the calculation can be attributed to two separate sets of calculations: errors in the gas phase free energy calculations and errors in the continuum solvation methods. Schuurmann et al. have used MP2 calculations with triple zeta basis sets along with the polarized continuum model of Tomasi and co-workers using the united atom topological model 31 ͑PCM-UAHF͒ method in their study of pK a s of carboxylic acids, and their analysis revealed that the main errors in determining pK a s stemmed from the errors in the gas phase calculations. 50 Shapely et al. used MP2 calculations with the self-consistent isodensity PCM model 4 ͑SCIPCM͒ and PCM methods and believe from their analysis that a quantitative prediction of acidity constants requires a more sophisticated treatment of ion solvation than currently possible by simple dielectric continuum methods. 49 Silva et al. have reported the most accurate pK a calculations to date, using a unique thermodynamic cycle, HF gas phase calculations, and PCM solvation calculations. 57 Table I contains the values for absolute Gibbs free energies for the lowest energy and higher energy conformers of acetic acid, formic acid, chloroacetic acid, oxalic acid, and pivalic acid as determined by the CBS-4, CBS-QB3, CBS-APNO, G2, G2MP2, and G3 model chemistries. Table I also holds the values for cyanoacetic acid, which has only one reasonable conformer, and the acetate, formate, cyanoacetate, chloroacetate, oxalate, and pivalate anions. The structures of the conformers of the various carboxylic acids are displayed in Fig. 1 . The lower energy conformers have intramolecular hydrogen bonds that stabilize them relative to the higher energy conformers. Table II reports the ⌬G sol values ͑1 M standard reference state͒ for the conformers of the acids and their anions using the SM5.42R 24, 25 and CPCM 26 continuum solvation methods. The experimental value for the free energy released when acetic acid is solvated by water is Ϫ6.69 kcal/mol, and for acetate ion is Ϫ77 kcal/mol. 66 This can be compared to the values in Table II . For instance, the value for the HF/6-31G(d) parametrization of the CPCM method on the gas phase HF/6-31G(d) geometry optimized structure is Ϫ7.03 kcal/mol. When this same calculation is performed G2  G2MP2  G3   Experiment  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2 values from averaged conformers of acetic, formic, chloroacetic, oxalic, and pivalic acid with the conformer of cyanoacetic acid using the experimental value of 2.45 for the pK a of cyanoacetic acid ͑S1 CPCM/HF/6-31G(d)//HF/6-31G(d); S2 CPCM/HF/6-31ϩG(d)//HF/6-31G(d); S3 CPCM/HF/6-31ϩG(d)//HF/6-31ϩG(d)͒. G2  G2MP2  G3   Experiment  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2 G2  G2MP2  G3   Experiment  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2  S3  S1  S2 in Table II . The SM5.42R numbers, calculated with GAMESOL, 6 are more variable, with exceptions found for every observed pattern. The use of diffuse functions usually makes the SM5.42R values more positive.
CBS-4 CBS-QB3 CBS-APNO

Comparing the lowest energy conformers at the far left of Table II to the high energy gas phase conformers in the middle of the table, the values for ⌬G sol also become more negative by many kcal/mol for the high energy conformers. This is attributed to the more compact and less polarizable structures of the low energy conformers. As Fig. 1 reveals, the more extended high energy conformers will be more readily solvated by a polar solvent. This effect has been described before. For instance, hydroxybenzoic conformers with intramolecular hydrogen bonds have the least favorable solvation energies. 49 Tables III͑a͒ and III͑b͒ display the pK a values obtained using Eq. ͑8͒, the experimental pK a value for acetic acid, the gas phase free energies in Table I , and the ⌬G sol values in Table II. Table III͑a͒ uses all the values for the low energy  conformers and Table III͑b͒ uses the values for the high energy conformers. Table III͑c͒ contains the pK a values using the conformationally averaged structures, using Eq. ͑9͒. The three best solvation methods are used for Tables III-VIII Table I , method S1 for the ⌬G sol values on these low energy conformers, and the experimental pK a of 4.75 for acetic acid, then the calculated values for the pK a s of formic, cyanoacetic, chloroacetic, oxalic, and pivalic acids are 2.79, 1.66, 2.80, 0.29, and 5.00. These values correspond to an average mean unsigned error ͑MUE͒ of 0.55, and average mean signed error ͑MSE͒ of Ϫ0.55, and a standard deviation ͑STDEV͒ of 0.78 pK a units. The results in Table III͑b͒ , compiled from the higher energy conformers ͑Fig. 1͒, are not quite as good. Again the CBS-QB3 and CBS-APNO methods yield the best results, with MUEs ranging from 0.49 to 0.70 pK a units. The results that include conformational averaging ͓Table III͑c͔͒ are similar to the results using the low energy gas phase conformer ͓Table III͑a͔͒. In this case ͓Table III͑c͔͒ combining CBS-QB3 with S1 yields calculated values ͑relative to acetic acid͒ for the pK a s of formic, cyanoacetic, chloroacetic, oxalic, and pivalic acids of 2. III͑a͒-͑c͒, as judged by the MUE, are the gas phase model chemistries CBS-QB3 and CBS-APNO, combined with the three solvation methods S1, S2, and S3. As conformational averaging is the correct way to handle the conformational variability of these acids, we will only report the conformationally averaged values in Tables IV-VIII. Tables  IV͑a͒,͑b͒-VIII͑a͒,͑b͒ are available as supplementary  information.   37   Table IV lists the pK a values obtained from Eq. ͑9͒, the Gibbs energies listed in Tables I and II , and the known pK a of formic acid. The CBS-APNO method is the best when combined with the three solvation methods, with MUEs of 0.18-0.41 pK a units. The performance of the Gaussian model chemistries G2, G2MP2, and G3 are not quite as good as that of CBS-QB3. Table V lists the pK a values obtained relative to the experimental pK a of 2.45 for cyanoacetic acid. The CBS-QB3 gas phase calculations combined with any of the three CPCM solvation methods yield excellent results. The CBS-APNO method is comparable to CBS-QB3 for the solvation methods S1 and S3.
Table VI reveals that with the pK a of chloroacetic acid used as a reference value, the CBS-QB3 and G3 methods are comparable. The G2 and G2MP2 methods are good as well. Table VII shows that CBS-APNO combined with S1 has the least error, followed by CBS-QB3 combined with the S2 and S3 solvation methods.
Results in Table VIII , using the averaged conformers of pivalic acid along with a pK a of 5.03 as a reference, lead to the prediction that the best combination of methods is the CBS-QB3 gas phase calculation combined with either of the more diffuse CPCM solvation calculations. All of the Gaussian gas phase methods perform similarly, with STDEVs of about 1 pK a unit with solvation methods S2 and S3, and with STDEVs near 1.5 pK a units with solvation method S1.
To better understand the calculated results we analyzed the separate errors in the gas phase and solvation calculations. Tables X and XI. Tables IX, X, and XI lead naturally to the prediction that the CBS-QB3 model used for the calculation of ⌬G gas , combined with solvation methods S2 and S3, should give the most accurate pK a values. The fact that this combination gives the best computed values for pK a for the low energy gas phase conformers and for the conformationally averaged structures, rather than for the high energy conformers, as reported in Tables III ͓and IV͑a͒͑b͒-VIII͑a͒͑b͒, supplementary information͔ 37 show that conformation is critical. The idea that changes in conformation contribute to the sensitivity of pK a calculations has been noted before and gave impetus to this work. 39 The errors in the gas phase and solvation calculations are small, and partially cancel. The experimental values for acetic acid and acetate ion are known, Ϫ6.7 and Ϫ77 kcal/mol, respectively, 66 giving a difference of Ϫ70.3 kcal/mol. The S3 solvation method yields a difference of Ϫ69.8 kcal/mol, higher than the experimental value by 0.5 kcal/mol. In general we find that the MUEs for the S2 and S3 solvation methods are on the order of 1/2 kcal/mol ͑Table X͒ and the errors for the CBS-QB3 method are on the order of 0.4 kcal/ mol ͑Table IX͒. The S2 and S3 averaged solvation methods ͑Table XI͒ are equally as good. In fact a comparison of Tables X and XI reveals very small differences between using the lowest energy conformer and the averaged values, in agreement with the results reported in Table III . For relative pK a calculations using Eq. ͑8͒ and the low energy conformer, partial cancellation of errors can lead to an overall deviation in ⌬⌬G aq of about 0.7 kcal/mol, allowing calculations of pK a s to 1 2 pK a unit. For relative pK a calculations using Eq. ͑9͒, the overall deviation in ⌬⌬G aq is also about 0.7 kcal/ mol, yielding pK a values accurate to 1/2 pK a unit. Use of the CBS-QB3 gas phase model chemistry with the CPCM/HF/6-31ϩG(d)//HF/6-31G(d) or CPCM/HF/ 6-31ϩG(d)//HF6-31ϩG(d) continuum solvation methods on the conformationally averaged structures and on the low energy conformers resulted in excellent agreement with experimental results. For 30 individual pK a calculations, the MUE was 0.42 pK a units and the STDEV was 0.50 pK a units using the CBS-QB3 gas phase model and the CPCM/HF/6-31ϩG(d)//HF/6-31G(d) solvation model on the low energy conformer ͓Eq. ͑8͔͒. Using CBS-QB3 with the CPCM/HF/6-31ϩG(d)//HF/6-31ϩG(d) solvation calculation, the MUE was 0.42 pK a units with a STDEV of 0.52 pK a units ͓Eq. ͑8͔͒. Using Eq. ͑9͒, taking into account conformational averaging, the MUE was 0.43 and the STDEV was 0.51 pK a units using CBS-QB3 combined with the CPCM/HF/6-31ϩG(d)//HF/6-31G(d) solvation model. Using CBS-QB3 with the averaged CPCM/HF/ 6-31ϩG(d)//HF/6-31ϩG(d) solvation calculations, the MUE was 0.36 pK a units with a STDEV of 0.43 pK a units ͓Eq. ͑9͔͒.
The accuracy of the CBS-QB3 method is good news from the standpoint of applying this methodology to larger systems. The CBS-QB3 method is faster than the G2, G3, and CBS-APNO methods. In the CBS-QB3 model the longest part of the five-stage calculation is step 3, a coupledcluster double single ͑triple͒ calculation using a modest 6-31ϩG(dЈ) basis set. For pivalate anion, this step took 5 h and 25 min using the four 270 MHz, R12 000 CPU processors of an SGI Origin 200.
V. CONCLUSIONS
Accurate relative pK a calculations are now possible using state-of-the-art quantum chemistry methods and thermodynamic cycles. For the six carboxylic acid systems considered here, the CBS-QB3 and CBS-APNO model chemistries give mean unsigned errors in the calculation of gas phase energies of 0.4 kcal/mol. The CPCM continuum calculations with diffuse functions give mean unsigned errors for the calculation of solvation free energies of 0.5 kcal/mol. Combining these values yields the pK a value of an unknown from a known molecule with an average mean unsigned error of 0.4 pK a units and a standard deviation of 0.5 pK a units for the 30 pK a values reported in this paper. The most accurate values are obtained when both the gas phase and solvation calculations are performed on the lowest energy gas phase conformers of each acid or on the conformationally averaged structures. Future work will extend the systems beyond carboxylic acids as well as focus on the most accurate method to calculate absolute pK a values. 73 
